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Abstract
Despite the 300% systematic theoretical uncertainty associated with extracting qˆ using current energy loss models
due to the collinear approximation, and despite the uncertainties in the initial geometry and corrections due to the
fluctuations in the initial overlap of a heavy ion collision, a simultaneous description of high-pT pi0 RAA and v2 is not
possible with current pQCD-based energy loss models. However a good description of out-of-plane RAA as a function
of centrality is possible. Alternatively, energy loss models based on AdS/CFT give a better qualitative description of
pi0 and non-photonic electron RAA as well as high-pT ratios of p¯ to pi− production than those based on pQCD.
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1. Introduction
High momentum (high-pT ) particles are ideally suited for probing the properties of the quark-gluon plasma (QGP)
created in heavy ion collisions [1, 2]. In particular they provide an independent test of whether the medium is best
described by traditional weakly-coupled perturbative QCD (pQCD) or the more novel strongly-coupled methods of
anti-de Sitter/conformal field theory (AdS/CFT) [3].
In the early years of physics at the Relativistic Heavy Ion Collider (RHIC) energy loss models based on pQCD
had seemingly quantitative success in describing the suppression of high-pT particles, in particular the RpiAA(pT ) [4].
However soon afterwards it was found that, taken as a broad class, these pQCD-based models do not do a good
job of even qualitatively describing several other observables (while simultaneously maintaining the description of
the normalization of the pion suppression), for instance: the azimuthal anisotropy of the pion suppression pattern as
measured by the pattern’s second Fourier coefficient [5, 6], v2; the RAA and v2 of non-photonic electrons [7, 8]; or the
back-to-back suppression of particles as measured by IAA [9, 10].
Several of these observables had their shortcomings, mostly due to a limited measured range in momentum. For
instance the current generation of energy loss calculations for heavy quarks assume that the quantity MQ/pT is small,
which is not particularly the case for the parent bottom quark of an observed 8 GeV non-photonic electron [11].
Similarly the pion v2 was also measured only to ∼ 8 GeV, in which case one might claim that non-perturbative effects,
for instance from hadronization [12], might play an important role. Being somewhat provocative, though, the recent
measurements [13, 6] of pion v2 out to ∼ 14 GeV could be thought of as the nail in the coffin of pQCD-based energy
loss models; it is difficult to reconcile the large (∼ 2) discrepancy between the theoretical calculations and the data.
Before making such strong conclusions perhaps we should more fully explore the possible sources of uncertainty and
missing physics in the current set of energy loss calculations, which has so far been somewhat limited [14].
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Figure 1: (Left) From Horowitz and Cole [14], the uncertainty in the extracted qˆ due to the collinear approximation. (Right) The different v2 curves
when the maximum opening angle for gluon radiation is varied as in [14] and the overall suppression, RAA, is fixed to data; note that there is little
difference in the resulting v2 values. (See text for details.)
2. Uncertainties and Missing Physics in pQCD Energy Loss
There are many possible sources of uncertainties and missing physics in pQCD-based energy loss calculations. In
particular it is quite likely that there are large corrections due to: running coupling [15, 16]; a better treatment of the
collinear approximation [14]; a better treatment of the parent quark mass; higher orders in opacity [17, 18]; a better
treatment of elastic energy loss [19]; and energy loss in cold, confined matter [20]. We will show that the effect on
v2 of varying the initial geometry is small. Crucially, though, we find that we can describe very well the centrality
dependence of the out-of-plane RAA suppression but not that of the in-plane RAA. Perhaps the large discrepancy
between theory and experiment in v2 is due to a missing coupling of the energy loss to flow.
One sees in the left panel of Fig. 1, taken from [14], an estimate of the uncertainty on the extracted qˆ from the
various gluon bremsstrahlung energy loss formalisms due to the collinear approximation. All current energy loss
formalisms take only the lowest order term in kT /xE, where kT is the momentum component of the radiated gluon
perpendicular to the parent parton’s direction of motion, x is the fraction of momentum taken from the parent parton
by the radiated gluon, and E is the energy of the parent parton. The uncertainty estimate comes, essentially, from
allowing the maximum angle of emission for the radiated gluon to vary from 45◦ to 90◦. This large uncertainty
would seem to imply that there is little hope of falsifying any of these pQCD energy loss models. However, one can
drastically reduce this uncertainty when attempting to simultaneously describe multiple observables. In particular, the
right panel of Fig. 1 shows the result when one picks a maximum angle of emission, then varies the medium density
in order to describe the overall pion suppression, RAA, and then one computes the resulting v2; as one can readily see,
there is little difference between the curves shown. Therefore the very high-pT v2 puzzle cannot be resolved by claims
of large theoretical uncertainty, at least as far as the collinear approximation is concerned.
However another possible resolution to the high-pT v2 puzzle might come from the uncertainty due to the un-
certainty in the initial conditions in a heavy ion collision. The left panel of Fig. 2 shows some exploration of the
uncertainty due to collision geometry. First, there is a possible correction to v2 from sharper or broader initial medium
densities; we compare the results from a standard Glauber treatment [3] and one using the KLN model of the CGC
[21, 22]. Second there are corrections due to the fluctuations in initial conditions. The work in [23] suggests that the
largest effect of fluctuations in initial conditions comes from the difference between the theoretical reaction plane and
the measured participant plane. We compare the v2 results when calculations are done in the reaction plane or the
“rotated” participant plane. One can see from the left panel of Fig. 2 that the uncertainty in v2 due to geometry con-
siderations is not particularly large. In particular, the maximum reasonable v2 calculation–one in which the difference
between the theoretical reaction plane and measured participant plane is taken into account, the initial geometry is
given by the KLN model of the CGC, and the 1-σ upper bound of the medium density set by a comparison [24] with
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Figure 2: (Left) v2 as a function of Npart. While v2 is increased when taking into account the difference between the theoretical reaction plane and
the measured participant plane and also the possibility of sharper edges of the medium due to Color Glass Condensate effects–while maintaining
consistency with RAA–the theoretical values are still well below the experimental observations [13, 6]. (Right) Surprisingly good agreement between
WHDG and measurement for RAA out-of-plane as a function of centrality, while the disagreement in-plane is very large; data from [13, 6]. Perhaps
there are large coupling effects between energy loss and flow, minimized in the out-of-plane results, that show up as a large disagreement with v2?
RAA is used–still significantly underpredicts the PHENIX high-pT v2 data.
But what if we compare to a more differential measurement? In the right panel of Fig. 2 we show both the WHDG
convolved radiative and elastic energy loss calculation of RAA in-plane and out-of-plane. The agreement between the
out-of-plane results to data as a function of centrality is, compared to the v2 results, amazingly good. Perhaps, then,
the disagreement between theory and experiment in the in-plane (and also, therefore the v2) is due to missing physics;
since one expects the main physical difference from in-plane to out-of-plane to be from the difference in the underlying
flow (more flow in-plane than out), perhaps the discrepancy is due to not including a coupling of energy loss to flow.
We should note that the effects [25] of coupling [26, 27] flow to BDMPS energy loss [28, 29] appear small. Perhaps
a better treatment of the coupling of GLV energy loss [30, 31] to flow will yield theoretical calculations in agreement
with the measured v2. Note that while for a fixed centrality there is a large difference between the pathlengths traveled
in-plane vs. out-of-plane, the agreement for the out-of-plane results shown in the right panel of Fig. 2 is over a range
of centralities, and therefore, over a range of pathlengths. Note also that Fig. 2 demonstrates the extra utility gained
by measuring RAA(φ) and not just v2.
3. AdS/CFT
An energy loss model that correctly describes the relevant physics in heavy ion collisions should describe well
all measured observables simultaneously. We see that this is difficult to do for the current set of pQCD-based energy
loss models. One naturally asks, then, can AdS/CFT-based energy loss models describe more than just non-photonic
electron suppression [3, 32]? Recent derivations [33, 34] using AdS/CFT have opened the possibility of describing the
suppression pattern of light quarks and gluons in a QGP. Specifically, the claim is that in a strongly coupled medium
an off-shell light quark or gluon thermalizes in a distance Ltherm ∝ (CRE/T )1/3/T . Using this as a basis for a very
simple θ-function energy loss model (the particle escapes if its pathlength L is shorter than Ltherm and it disappears
if L > Ltherm), we can see in the left panel of Fig. 3 that, within the rather large theoretical uncertainties associated
with these energy loss calculations, the suppression from the AdS/CFT model is in qualitative agreement with the data
while simultaneously also in qualitative agreement with the non-photonic electron suppression [3, 32]. We also see
in the right panel of Fig. 3 that the AdS result is also in better qualitative agreement with the p¯/pi− ratio measured by
STAR [35]; this better agreement is because the color factor in the AdS/CFT-based model comes to the power 1/3, as
opposed to the power 1 in pQCD-based models.
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Figure 3: (Left) A simple energy loss model based on AdS/CFT gives a reasonably good qualitative description of the pi0 RAA(pT ) suppression.
Data are from [36]. (Right) The AdS/CFT-based energy loss model does a better job of describing the p¯/pi− ratio measured by STAR [35] than
that based on pQCD (although the disagreement between pQCD and the measurement is decreased significantly with the use of modern DSS
fragmentation functions [37] instead of calculations [38] based on the older KKP [39]).
4. Conclusions
While there are large systematic theoretical uncertainties in pQCD-based energy loss models, describing multiple
experimental observables simultaneously seems to provide a means of falsifying these calculations. In particular the
very large very high-pT pi0 v2 data presents a significant challenge for pQCD-based models to describe. Since the
WHDG energy loss model does give a very good description of the centrality dependence of the out-of-plane RAA, a
better treatment of the coupling of energy loss and flow may resolve this v2 puzzle. On the other hand energy loss
calculations based on the strong coupling derivations of AdS/CFT seem to give a better qualitative agreement between
the non-photonic electron and pi0 suppression as well as ratios such as p¯pi−. Future measurements at the LHC, such as
the double ratio of charm to bottom RAA shown in [40], might well help demonstrate qualitatively, and independently
from hydrodynamical calculations, whether or not the QGP created in heavy ion collisions is a strongly coupled liquid
or a weakly coupled plasma.
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